A prospective study of Ill patients who underwent repeat coronary angiography and exercise thallium-201 scintigraphy 6 ± 2 months miler complete revasculariration by percumneous translundnal coronary angioplasty was performed to assess whether clinical, procedure-related and postangioplasty exercise variables yield independent information for the prediction of angiographic restenosis after angioplasty. Complete revascularization was defined as successful angioplasty of one or more vessels that mulled in no residual coronary lesion with >50% diameter stenosic . Restenosis was defined as a residual stenosis at the time of repeat angiography, of >50% of luminal diameter . Restenmis occurred In 40% of the patients.
p asty stenosis diameter (p < 0 .003), postangioplosty exercise work load (p < 0 .03) and posmngioplasty exercise heart rate III, < 0 .05) .
Multivariate analysis revealed four factors independently related to increased risk of restenosis in the following order of importance: recurrence of angina (p < 0 .0001), abnormal finding on exercise thallium-201 scintigram (p < 0.001), absolute postangioplasly stenosis diameter (p < 0.002) and exercise ST segment depression (p < 0.01) . With use of a logistic model these predictors of restenosis were weighed into a restermsis probability score (high, intermediate and low risk) that was validated in the testing group . The predictive value for restenosis In the high risk group (probability >80%) was 100% and the predictive value for no restenosis in the low risk group (probability <20%) was 94% .
It is concluded that a diagnostic strategy with probabil ity analysis that Includes simple procedure-related and exercise testing variables during follow-up provides a useful clinical tool for detecting patients at high risk for restenosis who may require repeat coronary angiography and angie plasty . This risk stratification proved superior to the usual clinical practice of performing repeat catheterization only in patients with recurrent angina or ST changes during exercise testing, or both .
(J Am Coll Cardiol; 1990:1333-40) within the first 6 months after the procedure (1-3) . Although coronary restenosis is a complex multifacterial process (4, 5) , certain clinical and angiographic variables available at the time of the procedure have been shown to be associated with recurrence of stenosis lesions (1-3,6,7) . On the other hand, exercise electrocardiography in combination with thallium scintigraphy or Cidionuclide angiogmphy has been shown to have a high predictive value for the appearance of restenosis when performed during follow-up at various time intervals e735-107t9as3.50 RENKIN El AL. CORONARY RESTENOSIS AFTER ANGIOPLASTY after angioplasty (8) (9) (10) (11) (12) (13) (14) (15) (16) . Thus, the large number of studies reported to date can be divided into two groups . The first group includes studies that examine the risk for late recurrence associated with several variables available immediately before, during or after angioplasty. The second group includes studies that examine the ability of different provocative tests performed during follow-up to discriminate between patients with or without restenosis . Both approaches have the following limitations : I) Most studies are biased by the lack of sysacmatic repeat angiography in a large proportion of consecutive patients who have undergone successful angioplasty.
2) The predictive accuracy is limited in individual patients and its impact on patient management has not been prospectively evaluated. Thus, the goal of our study was to incorporate all available data in a stepwise logistic regression analysis and specifically address the following questions : 1) Can this approach in which procedural and follow-up variables are combined be more accurate in detecting patients with restenosis than previous approaches in which each group of variables was evaluated separately? 2) Accordingly . do procedural variables retain their predictive power? If so, they would convey independent information that is not available from follow-up variables. 3) Can this logistic regression analysis be used in individual patients to decide whether or not repeat angiography (followed by repeat angioplasty) should be performed?
Methods
Study patients. Between May 1984 and August 1986, an elective first coronary angioplasty was attempted in 345 consecutive patients at our institution. The procedure was successful in 312 patients (90%). Thirty-four of these padents were not included in this study because they underwent angioplasty on saphenous vein grafts or during the acute phase of myocardial infarction (<48 h after admission). Of the remaining 278 patients. 223 (80%; 198 men and 25 women, 108 with single vessel disease ; 294 stenotic segments) had repeat angiography at 6 months (83%) or earlier (17%) when clinically indicated. Of 55 patients who did not undergo repeat angiography, 48 were symptom-free and refused catheterization, 2 died (one of cardiac causes) and 5 were lost to follow-up.
In 131 (59%) of these 223 patients, coronary angioplasty achieved complete revascularization and exercise thallium-201 scintigraphy was performed during the same time period as the repeat angiography in I I I patients (85%). The present study is based on these Ill patients (102 men and 9 women ; mean age 55 ± 8 years; 144 stenotic segments) who underwent both repeat angiography and exercise thallium-201 scintigraphy within 6 months after successful angioplasty . Baseline angina status, the number of diseased vessels at angiography and the location of the dilated coronary seg- JACC Val . 16, No . 6 Nov-tuber 15 . 1990:1333-40 ments were similar in the study group In = I Ill) compared with the total group (n = 223) . Among the 20 excluded patients, exercise testing was not performed because of unstable angina with restenosis in 16 and orthopedic or logistic reasons in the remaining 4 .
Fnr the purpose of the statistical analysis, the III patients (91 with single vessel disease) were randomly separated into two groups : a training sample of 84 patients (69 with single vessel disease) for developing a multivariate analysis and a validation sample of 27 patients (26 men and I woman) for evaluating a logistic probability of restenosis derived from the multivariate analysis .
Coronary angiography and angioplasty procedure . Standard coronary angiography in multiple views was performed before and after angioplasty. Collateral flow to the angioplasty vessel was graded according to the method of Rentrop et al. (17) . The angioplasty procedure was considered suecessful in the presence of a reduction in stenosis diameter >20% in addition to a residual stenosis <50% . Coronary dissection on the postangioplasty angiogram was defined as the presence of significant endoluminal filling defects or extraluminal contrast staining, or both, by two observers . Complete revascularization was defined as successful angieplasty of one or more vessels that resulted in no residual lesion with >50% diameter stenosis . Angioplasty was performed by the percutaneous femoral approach using Gruentzig's technique (I8). During angioplasty a bolus intravenous injection of heparin (10,000 IU) was given at the beginning of the procedure . A bolus was repeated thereafter at a rate of 5,000 U130 min until the end of the procedure and infused at a rate of 1,000 Ulh during the next 12 h . Routine discharge medications included dipyridamole, aspirin and a calcium channel antagonist .
Quantitative analysis of coronary segments . The absolute luminal diameters of the stenosis and of its nearest proximal and distal normal coronary segments were measured before and after angioplasty . The coronary contours were drawn on a magnified (x4) end-diastolic tine frame (35 mm) in at least two orthogonal projections .
Measurements at the nearest 0 .1 mm were performed by the same observer with a caliper and the catheter as a scaling device. The coronary stenosis diameter obtained in each projection was averaged . The mean value proximal and distal to the stenosis was taken as the normal reference in each projection and these values were averaged in all projections.
This manual procedure was compared with a computerized procedure using the Coronary Angiogmphy Analysis System (19) in 132 stenotic and nonstenotic coronary segments. Figure I illustrates the correlation between the two procedures (computerized = 0.7 manual + 0.77 mm ; r = 0.90: p < 0 .001) . This correlation is close to identity for coronary diameters ranging between 2 .0 and 3 .5 mm, values that are usually obtained after angioplasty . Follow-up. In the absence of recurrent symptoms, patients had their final evaluation 6 ± I months after angioplasty . In patients who had recurrent angina within the first 5 months, an exercise stress test and repeat angiography were performed earlier. Repeat angiograms were evaluate by two observers unaware of the exercise test results, and restenosis was defined as a residual stenosis >50% of luminal diameter at the previously dilated site .
Exercise Imtiog, The patients were studied by exercise thallium-20t scintigraphy within I week before the repeat angiography . The exercise test was performed on a bicycle ergometer with an initial work load of 20 W for I min and the exercise intensity was subsequently increased by 20 W every minute until each patient experienced typical angina) pain or until subjective exhaustion. Three orthogonal electrocardiographic (FCG) leads (X, Y and Z of the Frank system) were constantly monitored . A 20 s ECG sample was recorded on a digital magnetic tape at the end of every minute at rest, during exercise and during the 5 min of the recovery . These digitized ECG samples were later averaged and analyzed by computer. The amount of ST segment depression at rest and during maximal exercise was measured 60 ms after the end of the QRS complex with the PR interval (30 to 10 ms before QRS onset) as a reference level (20, 21) .
During the same testing session in which the exercise ECG was obtained, thallium-201(1 .5 to 2 mCi intravenously) was given I min before maximal exercise . Each patient underwent imaging, 5 in 10 min after injection of thallium-201 and 4 h later, under an Apex 215 M Elscint camera . Images were obtained in the anterior and 43° and 65° left anterior oblique positions . Matching views from exercise and redistribution studies were displayed as pairs and interpreted by two observers without knowledge of the clinical ECG or angiographic findings . Each image was divided into RENKIN ET AL. 1335 CORONARY aH5'1'ENU515 A-. ANUI-1-1'v 5 equal segments for a total of 15 segments per study . Activity in each segment was graded as 0 = normal, I = possibly reduced . 2 = reduced and 3 = absent . The maximal defect score of 45 originates from 15 segments times a maximal score of 3 (20, 21) .
Statistical analysis . All variables analyzed as possible risk factors for restenosis are listed in Table 1 . A chi-square test was used to assess differences in categoric variables . A one-way analysis of variance was used to assess differences in continuous variables between patients with restenosis and patients with continued success . All tests were two-sided and a p value <0 .05 was considered to be statistically significant . All variables were included in a multivariate analysis performed with a stepwise logistic regression model . Based on the results of the multivariate analysis in a learning group of 84 patients, an equation was developed that provided maximal power in classifying the chance of restenosis.
For statistical reasons in patients with multilesion dilation only one coronary segment was included in the statistical analysis. Among patients with multilesion angioplasty and restenosis ( n -0) only one patient had restenosis of the two dilated segments.
Three arbitrary risk categories were defined: high risk (probability of restenosis >80% or >70%), moderate risk (probability of restenosis between 20% and 80% or between 30% and 70%) and low risk (probability of restenosis <20% or <30%) . These risk categories were tested in an independent validation sample of 27 patients randomly selected among the initial group of I I I patients. Statistical analysis was performed using BMDP statistical software (University of California Press) .
Results
Incidence of restenosis (Table 1) . Among the group of 84 patients, restenosis occurred in 26 (31%). Sixteen patients (19%) had a prior myocardial infarction and 38 (45%) had unstable angina . Coronary angiogmphy showed one vessel disease in 69 patients (82%), and two vessel disease in 15 (18%) .
One stenotic segment was dilated in 63 patient •, (75%), two segments were dilated in 18 (21%) and three segments in 3 (4%). The severity of the stenosis before angioplasty was 82 ± 11% and the degree of residual stenosis after angioplasty was 17 ± 10% with an improvement in the luminal diameter of the stenosis of 65 ± 11% . Repeat angiography was performed at 6 months in 78 patients (93%) and earlier because of suspected recurrent ischemia in 6 patients (7%) . Restenosis was documented angiographically at 3 months after angioplasty in two patients and between 4 and S months in three patients . The clinical, angiographic and exercise testing data of each group of patients with and without restenosis are listed in Factors influencing restenosis ( Table 1 ) . The rate of restenosis was significantly related to 8 of the 39 analyzed variables . Restenosis was more frequent in patients with than without recurrent angina after angioplasty (50% versus 5% ; p < 0 .0001) and an abnormal result (thallium-201 score >0) on exercise scintigraphy (73% versus 24% ; p < 0.0001) . Significant exercise ST segment depression was also related to a higher .catcnosis rate (1 .1 ± 0 .2 versus 0.5 t O. l ; mean ± SEM ; p < 0.001) . The only significant angiographic and procedural factor was the absolute stenosis diameter determined immediately after angioplasty. The mean residual diameter after angioplasty was 2.1 mm in patients with restenosis as compared with 2 .4 mm in patients without restenosis (p < 0 .003).
Multivariate analysis (Table 2) . Stepwise logistic regression analysis selected the following factors as independent predictors of restenosis after angioplasty: recurrence of angina, abnormal result on exercise scintigraphy, absolute postangioplasty stenosis diameter and exercise ST segment depression. Of these four factors, the recurrence of angina was the most significant. Logistic probability of restonosis (Table 3 ) . The estimated logistic probability of restenosis was used to classify patients RENICIN ET AL . 1337 CORON' RY RESTENO5t5 AFTER ANGIOPLASTY into probability subgroups as follows: low, moderate and high risk with cutoff points of 20% and 80% and of 30% and 70% . The results of the classification are shown for the [earning group and for the testing group of 27 patients in Table 3 . No patients of the high risk group had a normal coronary angiogram at repeat angiography. Three patients (one in the learning group and two in the testing group) of the low risk group had restenosis at repeat angiography . These three patients had a >50% lesion of the left anterior descend1ng artery without symptoms or abnormal maximal exercise test results. Of these three patients, two had <70% residual stenosis and one had 85% stenosis . The predictive value for restenosis was better with the cutoff point of >80% (20 of 20; I0l%) as compared with the cutoffpoint of >70% (25 of 27 ; 93%). Also, the predictive value for no restenosis was better with the probability of <20% (47 of 50 ; 94%) than with the probability of <30% (51 of 58 = 68%) .
The Comparison of the model with clinical practice (Table 4 ) . In usual clinical practice repeat catheterization after successful angioplasty is performed only in patients with recurrent angina or inducible ischemic ST changes during exercise testing, or both. Table 4 shows the comparative predictive values of the logistic model and of these two clinical variables for the whole group of Ill patients . The predictive accuracy of the model is clearly superior in both high and low risk patients . Among the 80 patients with concordant clinical tests, 14 (18%) were not correctly classified as opposed to only 3 (4%) of 70 patients assigned to the low or In a large majority of these patients the presence of angina indicates restenosis . In the absence of angina the predictive values for the absence of restenosis are equally poor : 61% for clinical variables and 57% for the model .
Discussion
Percutaneous transluminal coronary angioplasty is now widely accepted ns an effective nonsurgical technique to achieve coronary revascularization . Experience and technical progress have resulted in significant improvement in primary success and decreased complication rate, allowing its application to larger clinical situations including multivesset disease (22, 23) and acute myocardial infarction (24,25). Despite this progress and the increasing number of patients treated in the last 10 years (26), there has been no significant improvement in the restenosis rate, which remains between 25% and 35% in most published series . Restenosis represents a significant problem and is one of the principal limitations of angioplasty as the first choice treatment of arteric sclerotic coronary artery disease . Although a number of preventive interventions have been evaluated (4.5,27-29), none appear to have effectively reduced the restenosis rate .
Therefore, the initial large benefit of the procedure is diminished by the need for subsequent evaluation of restenosis and the need for repeated angiography, followed by a second and sometimes a third angioplasty procedure in case of restenosis . Identification of patients in whom restenosis is evolving has important clinical (diagnostic and therapeutic) and socioeconomic implications if one considers that >300,000 angioplasty procedures will be performed each year in the United States and Europe .
Major findings of the study . These are 1) the use of a combination of procedural and follow-up exercise variables in a probabilistic mode is a very accurate diagnostic strategy for detecting restenosis after complete revascularization obtained by successful angioplasty . 2) Only one procedural variable maintains its predictive value during follow-up and provides independent diagnostic information, that is, the absolute postangioplasty stenosis diameter in millimeters . 3) JACC Val . 16. No. 6 November 13 . 1990:1333-49 This probability analysis allows one to correctly identify patients at high risk (>80%) and patients at low risk (<20%) of restenosis .
Procedural variables. Several studies have examined and evaluated the influence of clinical, anatomic and procedural variables on the incidence of restenosis after successful angioplasty . Only two multivariate analyses of >25 variables were published . l.eimgruber et al .
(1) reported five factors independently related to increased risk of >50% diameter restenosis in patients with one vessel disease (but with only 57% of patients with angiographic control) in the following order of importance : angioplasty of the left anterior descending coronary artery, absence of initimal dissection, final transstenotic gradient >15 mm Hg, a large residual stenosis percentage after angioplasty and unstable angina . In our study among the procedural variables a good quality postangioplasty transstenotic pressure gradient was available in only 38 patients (34%) . Therefore, the predictive value of this variable cannot be evaluated in our study . Val et al. (3) reported four factors for increased risk of restenosis in a group of patients with mostly single vessel disease (86%) and 98% repeat angiography during follow-up : a large residual stenosis percentage after angioplasty, documented variant angina, low improvement in percent diameter stenosis and multivessel coronary disease .
Renkin et al . (30) also reported, in order of importance, three factors independently related to increased risk of >50% restenosis in a group of patients with 80% repeat angiography (223 of 278) : a small absolute diameter stenosis after angioplasty, male gender and angioplasty of the left anterior descending artery . Despite qualitative and quantitative differences among these studies with respect to inclusion criteria, analyzed variables and number of patients with angiographic follow-up, they suggest concordantly that an optimal immediate angiographic and hemodynamic result decreases the restenosis rate .
Follow-up variables . Other studies evaluated the diagnostic value of noninvasive provocative tests performed during follow-up to predict the occurrence of or to detect angiographic restenosis . They include exercise electrocardiography, thallium-201 scintigraphy and radionuclide left ventriculography, which have been previously documented to be useful in evaluating the success of myocardial revascularization by comparing pre-and post-procedure results. Follow-up predictive tests are performed usually within 3 months after angioplasty irn asymptomalic p atients . in an attempt to identify early those patients in whom symptomatic restenosis will evolve as proved by angiography performed later . Manyari et al . (10) and DePuey et al . (14) reported that very early exercise thallium-201 imaging performed I to 2 days after the procedure does not correlate with the immediate angiographic and hemodynamic result of successful angioplasty or with the later restenosis probability. Stuckey et al. (15) reported that stress thallium scintigraphy performed 2 weeks after dilation appears more predictive and that thallium-201 redistribution is the only significant independent predictor of recurrent angina at that time with a specificity of 91% but a low sensitivity of 394 . However, as reported by Wijns et al . (9) and Breisblatt et al . (13) . sequential thallium-201 imaging performed later during follow-up better identifies high and low risk patients for symptomatic restenosis, and this predictive value seems to be more accurate between 3 and 6 months after angioplasty .
These data are consistent with other studies (2,31) that demonstrated that the incidence of angiographic restenosis is a progressive and time related phenomenon evolving during the first months after angioplasty . This phenomenon becomes significant in terms of diameter stenosis after the 3rd or the 4th month, depending on the criteria used . Accordingly, noninvasive tests performed during the first 3 months after angioplasty can be considered as "predictive" tests . although any test performed after the 3rd month must be considered as a "detective" te .x . Indeed, some degree of restenosis is likely to be already present at that time .
Combined procedural and follow-up variables . In this study we associated in a stepwise logistic regression analysis not only multiple clinical, anatomic and technical variables recorded at the time of the procedure, but also variables related to exercise thallium-201 scintigraphy performed during a 6 month follow-up after complete revascularization by angioplasty . This analysis of preangioplasty, angioplasty and postangioplasty variables has not been previously reported . The aim of this ccmbined analysis was not to predict better or earlier the recurrence of symptoms but rather to provide better detection and identification of patients with significant restenosis who require repeat angiography and angioplasty .
Our results confirm the results of other studies (9-10,13-15) that demonstrate that the two most powerful factors for increased risk of restenosis are the recurrence of angina after an asyraptomatic period and abnormal findings on thallium-201 scintigraphy at follow-up evaluation . This finding is consistent with the fact that in all our patients angioplasty led to complete revascularization with an immediate residual stenosis diameter <50% in every coronary segment in which dilation was attempted . A more surprising, but interesting, finding of our study is that an anatomic or predictive variable-the absolute postangioplasty stenosis diameter measured at the end of the procedure-provides indepen-RENKIN FT At. . 1 33 9 r.01VIN sRY RESTEN0515 AFTER ANGIOPLASTY dent information for restenosis . Furthermore, this predictive value is nearly equal to the value of an abnormal finding on thallium-201 scintigraphy and more predictive than the exercise ST segment depression that appears as the fourth factor independently related to increased risk of restenosis. This procedural variable appears in our experience as a major predictive variable for restenosis that confirms the close and already suggested relation between immediate anatomic and hemodynamic result and the restenosis phenomenon.
Conclusions . For detecting restenosis in the first months after successful angioplasty, a diagnostic strategy that incorporates probability analysis provides the physician with a very useful clinical tool . The variables to be included in this analysis, one procedure-related and three follow-up exercise variables, need not be obtained by sophisticated systems of analysis and therefore can he used in the majority of community hospitals. About one third of the patients were stratified in an intermediate risk group . In these patients recurrent angina was predictive of restenosis and we suggest that repeat angiography should be recommended in symptomatic patients . This approach offers a good balance among diagnostic accuracy, patient comfort and safety and . finally, limited financial cost .
